ABSTRACT To investigate the epidemiologic aspects of colibacillosis in broiler chickens, 83 Escherichia coli isolates obtained from the pericarditis and perihepatitis lesions in broiler chickens from 4 commercial farms, 5 isolates recovered from 5 samples of yolk sac contents that were pooled from 25 emaciated chicks, and 4 fecal isolates obtained from a hatchery that supplied chicks to the 4 commercial farms mentioned above were genetically and bacteriologically characterized. Using pulsed-field gel electrophoresis (PFGE), a total of 92 isolates were classified into 33 pulsotypes. Identical pulsotypes were observed in isolates obtained from hatchery samples and the affected broiler chickens on multiple farms at various sampling times. Seventeen representative isolates with no common origin belonging to 6 pulsotypes and an additional 27 isolates with the other pulsotypes were used for further experiments. Isolates with identical pulsotypes exhibited common traits for virulence-associated genes, lipopolysaccharide core types, and phylogenetic groups. Nine of the isolates were serologically typed as O125 with various types of H antigens and 3 were typed as O25:H4. In the 27 isolates resistant to ceftiofur (CTF), which is a third generation cephalosporin, the bla CTX-M-2 , bla CMY-2 , bla CTX-M-14 , bla CTX-M-65 genes were found in 15, 8, 3, and 1 isolate(s), respectively, and another isolate resistant to CTF had both the bla CTX-M-2 and the bla CMY-2 genes. In the 16 isolates with the bla CTX-M-2 gene, the chromosomal location of the gene was identified in 12 isolates. The plasmid-mediated quinolone resistance genes, oqxAB and aac(6')-Ib-cr, were found in 2 and 3 isolates, respectively. Conjugation experiments revealed that the bla CTX-M-2 (4 isolates), bla CTX-M-14 (3 isolates), bla (1 isolate), and oqxAB (2 isolates) genes were transferred. Our data suggest that E. coli strains with identical pulsotypes had been caused the incidences of colibacillosis and that the antimicrobial resistance genes on conjugative plasmids and those integrated into the chromosome may be spread among avian pathogenic E. coli strains in multiple farms.
INTRODUCTION
Colibacillosis in poultry caused by avian pathogenic Escherichia coli (APEC) is a complex syndrome characterized by a diverse array of lesions, including air sacculitis, perihepatitis, and pericarditis lesions (Nolan et al., 2013) . The consequent high mortality rates in chicken and carcass rejection at slaughter cause significant economic losses in the poultry industry worldwide (La Ragione and Woodward, 2002; Nolan et al., 2013) . Annual losses to the United States broiler industry in 1998 due to coliform cellulitis, one of the types of colibacillosis, were estimated to be more than US$80 million (Nolan et al., 2013) . However, unlike for other pathogenic E. coli, such as enterotoxigenic E. coli that harbors enterotoxin genes, many traits that de-fine APEC are yet to be elucidated (Dziva and Stevens, 2008) . In previous studies, strains with particular phylogenetic groups (Johnson et al., 2008b; Asai et al., 2011) or virulence genes (Delicato et al., 2003; Ewers et al., 2004; Johnson et al., 2008a) have been frequently isolated from poultry with colibacillosis.
Because antimicrobial agents are occasionally used as a control measure for avian colibacillosis, resistance to these agents has become a concern in the poultry industry. In recent studies, APEC strains producing extended spectrum beta-lactamases (ESBLs) (Asai et al., 2011) and AmpC beta-lactamases (Asai et al., 2011) and those resistant to fluoroquinolones (Ozawa et al., 2008; Kawanishi et al., 2013) have been isolated in Japan. Plasmids harboring ESBLs and AmpC betalactamases genes are sometimes transmissible (Carattoli, 2009) , and this transmission results in the spread of these resistance genes to both the same and different species including highly pathogenic bacteria. Additionally, plasmid-mediated quinolone resistance (PMQR) genes have detected in E. coli strains isolated from 3717 food-producing animals including poultry in Japan (Kawanishi et al., 2013) . Certain virulence genes, frequently found in the strains from avian colibacillosis, are positively associated with multidrug-resistance among APEC strains (Johnson et al., 2012) .
In this study, we followed cases of colibacillosis over the previous two winters from 2008 to 2009 in commercial broiler farms that belonged to a particular poultry integration company. To determine whether the colibacillosis was caused by strains with virulence genes and R-plasmids carrying ESBL, AmpC, and PMQR genes, isolates obtained from affected birds on the farms and a hatchery that supplied chicks to the farms were subjected to antimicrobial susceptibility testing and molecular characterization using pulsed-field gel electrophoresis (PFGE) and multilocus sequence typing (MLST). Our findings indicate that characterization of isolates from colibacillosis cases is necessary to trace the causative strains and antimicrobial resistance genes.
MATERIALS AND METHODS

Collection of Samples
The study involved 4 broiler farms and a hatchery, which belonged to one poultry integration company. All the 4 farms received day-old-chicks from the same hatchery. Sampling was carried out 5 times at 21 to 42 day intervals during the period between October 2008 and March 2009. The farms comprised approximately 20 conventional chicken houses, and all of them had cases of colibacillosis in the previous 2 winters. A total of 83 swab samples were collected from pericarditis or perihepatitis lesions in chickens aged 7 to 50 days reared on the farms. Four fresh fecal samples were collected in the hatchery in October and November of 2008. Additionally, chicks exhibiting emaciation on the hatchery in December 2008, January 2009, and March 2009 were selected and 5 yolk sac contents from 25 chicks were pooled for bacterial examination.
Isolation of E. coli
Each sample was spread onto desoxycholate hydrogen sulfate (DHL) agar (Nissui Pharmaceutical Co., Tokyo, Japan). From the DHL plates, suspected colonies were picked and identified as E. coli using API20E (bioMerieux, Marcy-l'Etoile, France). Broiler chickens with the lesions from which E. coli was isolated in pure culture were diagnosed as having colibacillosis. One isolate for each sample was selected.
Pulsed-Field Gel Electrophoresis (PFGE) Typing
PFGE patterns of all the isolates obtained were analyzed as described previously (Ozaki et al., 2011) . Briefly, the bacterial DNAs prepared in an agar block were digested with 20 units of XbaI and the DNA fragments were separated using a CHEF-DRII apparatus (Bio Rad Laboratories, Richmond, CA) in 0.5× Tris-borate-EDTA buffer supplemented with 50 μM thiourea at 14
• C at 6 V/cm. The switching times were increased from 1.0 to 50 s during a total running time of 20.5 h. Based on the PFGE patterns, isolates with less than 7-band differences between each of 2 isolates (Tenover et al., 1995) were clustered as a distinct type (pulsotype). The E. coli isolates tested were classified into 33 pulsotypes (see Results). Forty-four representative isolates from the hatchery and each of the farms with different pulsotypes were selected for further studies.
Detection of Virulence Genes
The E. coli isolates were screened for the serum survival protein (iss), aerobactin (iucD), colicin V plasmid operon genes (cva/cvi), iron-repressible protein (irp2), enteroaggregative toxin (astA), temperature-sensitive hemagglutinin (tsh), P-fimbriae (papC), and vacuolating autotransporter toxin (vat) genes by PCR analyses (Ewers et al., 2004) .
Serotyping and Multilocus Sequence Typing (MLST)
Determination of O antigens was carried out by slide agglutination using commercially available O-anti-sera (Denka Seiken Co. Ltd., Tokyo, Japan). The H antigen of the isolates was determined by tube agglutination using H-anti-sera (Denka Seiken Co. Ltd.) and MLST was carried out according to the method described by Tartof et al. (2005) . Sequence types (ST) were assigned with an integrated automated link to the public data bank, MLST Databases at the University of Warwick (http://mlst.warwick.ac.uk/mlst).
lipopolysaccharide (LPS) Core Types and Phylogenetic Analysis
To determine the lipopolysaccharide (LPS) core types of the E. coli isolates, the genes encoding specific enzymes for the biosynthesis of the R1, R2, R3, R4, and K12 oligosaccharides were detected using a PCR assay with previously published primer pairs (Amor et al., 2000) . Phylogenetic groups (A, B1, B2, and D) were determined by detecting specific internal genes (chuA, yjaA, and TspE4.C2) using a two-step triplex PCR that Clemont et al. (2000) previously reported.
Antimicrobial Susceptibility Testing
Susceptibilities to ampicillin (AMP), cefazolin (CEZ), ceftiofur (CTF), dihydrotreptomycin (DSM), kanamycin (KAN), gentamicin (GEN), chloramphenicol (CP), oxytetracycline (OTC), nalidixic acid (NAL), enrofloxacin (ERFX), and trimethoprim (TMP) were determined using the agar dilution method (Ozaki et al., 2011) based on the document provided by the Clinical Laboratory Standards Institute. Escherichia coli ATCC 25922 was used as the quality control strain.
PCR and Sequencing
PCR detection of CTX-M-, SHV-, and TEM-type beta-lactamase genes and plasmid-mediated AmpC beta-lactamase genes were carried out using the specific primer sets described previously (Perez-Perez and Hanson, 2002; Jouini et al., 2007; Saishu et al., 2014) . Amplified products obtained from the specific primer pairs for CTX-M-, SHV-, and TEM-type beta-lactamase genes were sequenced using the same primer pair. For isolates positive for a CIT-like amplicon, which are derived from AmpC beta-lactamase genes, the full-length PCR amplicon was generated using primers designed to flank the entire bla CMY-2 gene (Perez-Perez and Hanson, 2002) and sequenced. The bla CMY-2 gene is one of the AmpC beta-lactamase genes. All the isolates were screened for 8 PMQR genes using multiplex (qnrD and oqxAB) or simplex (qnrS, qnrA, qnrB, qnrC, qepA, and aac(6 )-Ib-cr) PCR (Park et al., 2006; Robicsek et al., 2006; Chmelnitsky et al., 2009; Ciesielczuk et al., 2013) . Class 1 and 2 integrons were analyzed by amplification and sequencing using primers described previously (White et al., 2001; Barlowet al., 2004) . ERFX-resistant isolates harboring PMQR genes were tested for mutations in the gyrA and parC genes by sequencing the quinolone resistance-determining region (QRDR) using primers described previously (Everett et al., 1996; Giraud et al., 1999) .
Transferability and Plasmid DNA Analysis
Isolates with ESBL, AmpC, and PMQR genes were tested for their ability to transfer the resistance to the recipient strain, a spontaneous rifampin-resistant mutant of E. coli ML1410 (Someya et al., 2007) . Overnight cultures of the donor and recipient strains were cocultured in a freshly prepared broth and incubated at 37
• C for 6 h. Transconjugants were selected on MullerHinton agar plates containing 50 μg/mL of AMP, 0.18 μg/mL of ERFX, or 25 μg/mL of olaquinedox for ESBL-and AmpC-, aac(6 )-Ib-cr-, or oqxAB-positive isolates, respectively, along with 25 μg/mL of rifampin. Plasmids of the transconjugants were typed by PCRbased replicon typing (Carattoli et al., 2005) .
Southern Blot Hybridization
Restriction fragments from the PFGE gel were transferred onto a Hybond-N+ membrane (Amersham Biosciences UK Ltd., Little Chalfont, UK). PCR-amplified bla CTX-M-2 fragments from one of the ESBL strains were labeled with digoxigenin using the DIG High Prime Labelling and Detection Starter Kit (Roche Diagnostics Corp., Indianapolis, IN) and used as a specific probe for the bla CTX-M-2 gene.
RESULTS
Typing Results
A total of 92 E. coli isolates consisting of 83 E. coli isolates obtained from the lesions of broiler chickens, 5 isolates from yolk sac contents, and 4 from fecal samples on the hatchery were classified into 33 pulsotypes, which were arbitrarily designated as P1 through P33 (Figure 1 ). Type P2 was observed in isolates obtained from a fecal sample in the hatchery in October 2008 and lesions of broiler chickens on farms A (January 2009) and C (March 2009). Similarly, E. coli isolates obtained from multiple farms belonged to identical types, including P3, P6, P14, and P19. One isolate obtained from the yolk samples in the hatchery in March 2009 belonged to the P22 type, along with one other isolate obtained from a chicken on farm A in January 2009. Of the E. coli isolates belonging to identical types (P2, P3, P6, P14, P19, and P22), 17 isolates with no common origins (the hatchery, farms, and isolation dates) were used for further investigation along with 27 isolates belonging to other pulsotypes.
Nine of the 44 isolates, consisting of 17 isolates with pulsotypes P2, P3, P6, P14, P19, and P22, and 27 isolates with other pulsotypes mentioned above, were serologically typed as O125, and 3 were typed as O25. Types O1, O6, O8, and O153 were found in only one isolate each (Table 1) . Isolates with O125 had various types of H antigens, including H6, H11, H14, H21, and H42. All the 3 isolates with O25:H4 were subjected to MLST and assigned to ST131. The R4 core type was the most common one with 20 strains (45%), followed by R1 (11 strains; 25%), R3 (9; 20%), K12 (3; 7%), and R2 (1; 2%). Twenty-two strains of the phylogenetic group D accounted for 50% of the 51 strains, followed by A (11; 25%) and B1 (11; 25%). Isolates belonging to identical pulsotypes had common LPS core types and were classified into a single phylogenetic group, except that the isolates with pulsotype P6 were classified into the phylogenetic groups A or B1.
Prevalence of Virulence Genes
The iss gene was the most common virulence gene in 41 isolates (93%), followed by iucD (33 isolates; 75%), cva/cvi (28 isolates; 64%), tsh (15 isolates; 34%), irp2 (15 isolates; 34%), astA (15 isolates; 34%), papC (9 isolates; 20%), and vat (1 isolate; 2%) ( Table 1) . Isolates with distinct pulsotypes had common combinations of virulence genes, except that 2 of the 3 isolates with pulsotype P2 had the cva/cvi gene while the other one did not. Representative PFGE patterns of XbaI-digested genomic DNAs of E. coli isolates. Numbers above each of the lanes refer to the pulsotypes. Lanes: 1, isolate D301; 2, D308; 3, D313; 4, D315; 5, D317; 6, D323; 7, D325; 8, D331; 9, D335; 10, D336; 11, D352; 12, D353; 13, D355; 14, D348; 15, D358; 16, D371; 17, D373; 18, D377; 19, D379; 20, D405; 21, D407; 22, D415; 23, D423; 24, D429; 25, D433; 26, D435; 27, D467; 28, D471; 29, D482; 30, D486; 31, D496; 32, D512; 33, D518 ; M, Lambda ladder.
Antimicrobial Susceptibility and Resistance Genes
Thirty-nine isolates (89%) were resistant to AMP and 34 of them were also resistant to CTF, a third generation cephalosporin. Resistance to OTC and DSM was most common and was found in 40 (91%) and 33 (75%) isolates, respectively, followed by NAL (27 isolates; 61%), ERFX (13 isolates; 30%), TMP (13 isolates; 30%), CP (11 isolates; 25%), KAN (8 isolates; 18%), and GEN (1 isolate; 2%) ( Table 1) .
The ESBL genes detected in this study were as follows: bla CTX-M-2 (16 isolates), bla CTX-M-14 (3 isolates), bla (1 isolate), and bla (1 isolate). Eighteen isolates harbored the bla TME-1 gene. The bla CMY-2 gene was detected in 6 isolates. Of the PMQR genes examined, aac(6 )-Ib-cr was found in 3 isolates and oqxAB was found in 2 isolates. The minimum inhibitory concentration (MIC) values of NAL in all the 5 isolates with PMQR genes were >512 μg/mL; the ERFX MICs in 4 isolates were 64 μg/mL, and that in the remaining one was >64 μg/mL. These values are indicative of resistance to NAL and ERFX (Ozaki et al., 2011) . Double mutations at codons 83 and 87 in the gyrA gene, which result in substitutions of amino acids Ser to Leu and Asp to Asn, respectively, and a mutation at Ser-80 to Ile in the parC gene were detected in all the 5 isolates. Additionally, 3 isolates with aac(6 )-Ibcr had a mutation leading to Glu-84 to Ala substitution in the parC gene. Ten isolates had the class 1 integron and the sequencing analysis detected genes conferring resistance to aminoglycosides (aacA4, aadA2, and aadA5), chloramphenicol (catB3), and TMP (dfrA1 and dfrA17).
Transferability
The bla CTX-M-2 (4 isolates), bla CTX-M-14 (3 isolates), bla (1 isolate), and oqxAB (2 isolates) genes were transferred, while aac(6 )-Ib-cr was not. The aadA2 gene in the integron was also transferred in the 3 isolates with bla CTX-M-2 . Using replicon typing, 4 transconjugants harboring bla CTX-M-2 were typed as IncN, three with bla CTX-M-14 and one with bla SHV-12 were typed as IncI1, and two with oqxAB were untypeable. In all the transconjugants, no virulence genes were detected.
In the 12 isolates with the bla CTX-M-2 gene, the gene was not transferred to the recipient strain in the conjugation experiment. Southern blot hybridization analysis revealed that restriction fragments of the genomic DNA of the 12 isolates, ranging from approximately 50 to 400 kb, were hybridized with the probes specific to the bla CTX-M-2 gene (Figure 2 ).
DISCUSSION
In this study, we isolated E. coli from broiler chickens with colibacillosis that were reared in different farms and found that these isolates belonged to identical pulsotypes, which indicated that genetically related strains of E. coli had been spread and caused the incidence of colibacillosis. Moreover, E. coli isolates with identical pulsotypes were obtained from both hatchery samples and broiler chickens with colibacillosis on farms. This observation indicated that hatchery might be one of the important sources of APEC. However, all possible routes of transmission of the organisms from the hatchery to the farms need to be further investigated. Nevertheless, the present study indicated that diverse strains were associated with colibacillosis cases, as a total of 33 PFGE patterns were found in isolates from 83 affected birds. The O serotypes found in the majority of the E. coli isolates obtained from the affected birds were different from those previously reported (O1, O2, and O78) in many parts of the world (Nolasn et al., 2013) . The number of serotypes being reported is increasing, although some APEC do not belong to known serotypes (McPeake et al., 2005; Monroy et al., 2005; Ozaki and Murase, 2009 ). Three isolates with O25:H4 and pulsotype P2 harboring the bla CTX-M-2 gene were found to be ST 131 according to the MLST, which is considered to be the predominant lineage among extraintestinal pathogenic E. coli (Sola-Gines et al., 2015) . However, many of the ST131 isolates were found to produce ESBL bla (Nicolas-Chanoine et al., 2014) . In addition, the iss, iucD, and cva/cvi genes were frequently detected in the APEC isolates in the present study. In a previous study, Kawano et al. (2006) showed that these genes carried by the ColV plasmid were markedly prevalent among E. coli isolated from chickens with colibacillosis in Japan; therefore, a possible association of this plasmid with the isolates obtained in the present study needs to be elucidated in the future. The iss gene is one of the most prevalent genes among APEC isolates obtained in Japan (Yaguchi et al., 2007; Ozawa et al., 2008) and this was reflected in the current study as well. Similarly, the results of the present study indicating that half of the isolates belonged to the phylogenetic group D is consistent with the results of a previous study conducted by Asai et al. (2011) , which indicated that group D accounted for 44.9% of the E. coli isolates obtained from diseased poultry in Japan; however, group A was also found to be predominant (49.4%) in the study by Asai et al. On the contrary, Hiki et al. (2014) reported that group D strains account for a minor portion of E. coli isolated from fecal samples of healthy broilers in Japan.
All the strains resistant to CTF in this study were found to harbor the bla CTX-M-2 , bla CTX-M-14 , bla CTX-M-65 , or bla CMY-2 genes. These plasmid-bearing genes conferring resistance to broad-spectrum cephalosporins have been detected in E. coli isolated from apparently healthy broiler chickens (Kojima et al., 2005; Kojima et al., 2009; Kameyama et al., 2013; Hiki et al., 2013) and diseased chickens (Asai et al., 2011) in previous studies in Japan. PFGE analyses of the isolates with the bla CTX-M-2 or bla CMY-2 genes in the present study and those conducted by Kameyama et al. (2013) revealed the genetic diversity of the bla CTX-M-2 -or bla CMY-2 -positive isolates as well as identical pulsotypes in multiple farms. bla CTX-M genes have been previously reported to be usually harbored in plasmids, but Southern blot analyses in the present study revealed the chromosomal location of the bla CTX-M-2 gene in APEC isolates with identical pulsotypes obtained from chickens in multiple farms. In addition, Ferreira et al. (2014) reported detection of chromosomal bla CTX-M-2 in diverse E. coli isolates from healthy broiler chickens in Brazil. Chromosomal insertion of the bla CTX-M genes was also previously found in Klebsiella pneumoniae (Coelho et al., 2010) , Proteus mirabilis (Harada et al., 2012) , and E. coli (Kojima et al., 2009; Hirai et al., 2013) . A previous study of P. mirabilis clinical isolates showed that ISEcp1-mediated transposition was responsible for the integration of bla CTX-M-2 into the chromosome (Hadara et al., 2012) . Further studies are necessary to determine the mechanisms underlying the chromosomal localizations of the bla CTX-M-2 gene found in the present study. Chromosomal location of antimicrobial resistance genes implies that these genes can be spread through multiplication of the bacteria to progeny.
Only a limited numbers of APEC isolates in the present study were found to harbor PMQR genes. Of these, aac(6 )-Ib-cr was detected in 3 isolates with the same pulsotype P6. This gene was also found in only 2 of the 117 APEC isolates obtained from broilers from 2006 to 2007 in a previous study in Japan (Kawanishi, 2013) . The other gene, oqxAB, was detected in 2 isolates with distinct pulsotypes; to the best of our knowledge, such a result has not been reported in bacteria from broilers in Japan so far. Given that the isolates with the PMQR genes obtained in the present study had mutations in the QRDR of the gyrA and parC genes, we believe that the high MICs (64 or >64 μg/mL) of ERFX in these isolates may be caused by these mutations. Although the prevalence of the PMQR genes in food-producing animals is considered to be low in Japan (Ahmed et al., 2009; Asai et al., 2010; Kawanishi et al, 2013) , experimental treatments with clinical doses of florfenicol and enrofloxacin have been reported to enhance the transfer of the plasmid-encoded oqxAB gene from Salmonella Typhimurium to E. coli in the digestive tract of chickens (Chen et al., 2016) . Therefore, the possibility that the low-level resistance caused by the PMQR genes is the prerequisite for the mutations in the QRDR for high-level fluoroquinolone resistance should not be excluded (Zhao et al., 2010) .
Most of the APEC isolates in the present study were resistant to beta-lactams. Several genes conferring this resistance were associated with conjugative plasmids, which suggested possible transfer to other strains or persistence of these plasmids among bacterial populations. This is also likely to be true for PMQR. Additionally, the chromosomal location of the bla CTX-M-2 gene was found among APEC isolates. Our findings indicate that the prudent use of antimicrobials is necessary to prevent the spread of antimicrobial-resistant strains and resistance genes. One limitation of our study is that it is a small-scale study; therefore, it is important to gather and release information obtained by the Japanese Veterinary Antimicrobial Resistance Monitoring System (Tamura, 2003) on antimicrobial resistance in APEC isolates throughout the country. Our findings also highlight the need for the characterization of isolates from colibacillosis cases for identifying the causative strains and antimicrobial-resistance genes.
